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Abstract: In day-to-day life, we often choose between pursuing familiar behaviors that have been
rewarded in the past or adjusting behaviors when new strategies might be more fruitful. The
dorsomedial striatum (DMS) is indispensable for flexibly arbitrating between old and new behavioral
strategies. The way in which DMS neurons host stable connections necessary for sustained flexibility
is still being defined. An entry point to addressing this question may be the structural scaffolds
on DMS neurons that house synaptic connections. We find that the non-receptor tyrosine kinase
Proline-rich tyrosine kinase 2 (Pyk2) stabilizes both dendrites and spines on striatal medium spiny
neurons, such that Pyk2 loss causes dendrite arbor and spine loss. Viral-mediated Pyk2 silencing in
the DMS obstructs the ability of mice to arbitrate between rewarded and non-rewarded behaviors.
Meanwhile, the overexpression of Pyk2 or the closely related focal adhesion kinase (FAK) enhances
this ability. Finally, experiments using combinatorial viral vector strategies suggest that flexible, Pyk2-
dependent action involves inputs from the medial prefrontal cortex (mPFC), but not the ventrolateral
orbitofrontal cortex (OFC). Thus, Pyk2 stabilizes the striatal medium spiny neuron structure, likely
providing substrates for inputs, and supports the capacity of mice to arbitrate between novel and
familiar behaviors, including via interactions with the medial-prefrontal cortex.

Keywords: Pyk2; FAK; caudate putamen; contingency; learning; memory; reward

1. Introduction

The dorsomedial striatum (DMS) is a striatal compartment that is indispensable for
flexible behavior, including favoring behaviors that are likely to be reinforced with de-
sirable outcomes over other, less fruitful behaviors. Damage to the DMS causes rats to
pursue familiar behaviors even when they cease to be reinforced [1–3], and instrumental
conditioning—performing a behavior for reward—triggers immediate early gene expres-
sion and transcriptional activity in the DMS [4–6]. Similarly, motor task learning recruits
neural ensembles in the DMS that decline in activity with task proficiency [7]. Behavioral
plasticity based on goal features and reward likelihood requires inputs from the medial
prefrontal cortex (mPFC) and certain subregions of the orbitofrontal cortex (OFC) to the
DMS [8–10]. The way in which striatal neurons host stable connections that are essential
for flexible action is still being elucidated. This question is important because alterations
or failures in goal-seeking behaviors, or tendencies towards irrational decision making,
are features of multiple neuropsychiatric illnesses [11]. An entry point to addressing this
question may be to develop a better understanding of the structural scaffolds within DMS
neurons that house stable synaptic connections.

Proline-rich tyrosine kinase 2 (Pyk2) is a nonreceptor tyrosine kinase highly expressed
in the brain, where it is enriched in asymmetric (presumably excitatory) synapses, relative
to symmetric (presumably inhibitory) synapses [12]. With regard to Pyk2, it is activated
by Ca2+, integrin receptors, and growth factors, triggering dimer assembly and autophos-
phorylation, and providing a binding site for Src kinase (reviewed in [13]). Src then
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phosphorylates additional sites on Pyk2, which allows for the full activation of Pyk2 and
its binding of downstream cytoskeletal regulatory proteins. Thus, Pyk2 links synaptic
plasticity with the regulation of the actin cytoskeleton, the structural lattice that controls
the shape and motility of dendritic arbors and spines. Furthermore, postsynaptic proteins
postsynaptic density 95 (PSD-95), SAP102, and SAPAP3—for instance, recruiting PSD-95 to
synapses and Pyk2 directly interact [12].

The majority of investigations into Pyk2 brain function have focused on the hippocam-
pus, however Pyk2 is also abundant in the striatum [14], where the vast majority (Σ95%) of
cells are inhibitory medium spiny neurons (MSNs). Whether Pyk2 impacts MSN shape and
complexity (which directly relates to the capacity of neurons to house synapses) is unclear.
We report here that Pyk2 is necessary for dendrite complexity and spine abundance on
striatal MSNs, such that Pyk2 loss in knockout mice impoverishes the neuron structure.
Next, we selectively reduced Ptk2b, which encodes Pyk2, in the DMS in order the isolate
Pyk2 function in this brain region. Ptk2b-deficient mice were unable to arbitrate between
rewarded and nonrewarded behaviors, while Ptk2b overexpression enhanced that ability.
Thus, Pyk2 appears necessary for DMS function. Finally, experiments using combinato-
rial viral vector strategies suggest that Pyk2 acts by supporting mPFC-to-DMS, but not
necessarily OFC-to-DMS, interactions.

2. Methods
2.1. Subjects

In this study, Ptk2b −/− mice were generated as previously described [15]; control
mice were wild-type (WT) littermates. Mice for viral vector/behavioral experiments
were females bred in-house on a mixed strain background (C57BL/6J;129X1/SvJ). In one
instance, viral vectors were infused into Thy1-YFP-expressing mice (H line from [16]), in
order to illustrate their viral vector spread on a coronal brain section in which landmarks
were also highly visible. Wild type and Thy1-YFP mice were originally sourced from
Jackson Labs and bred in-house. Mice were maintained on a 12 h light cycle (0800 on),
experimentally naïve, and were provided food and water ad libitum unless otherwise
indicated. Mice were aged 31–60 days at the start of the experiments.

2.2. Golgi-Cox Staining

WT and Ptk2b −/− mice were deeply anaesthetized and perfused transcardially with
phosphate-buffered saline (pH 7.4). Brains were dissected, briefly washed with PBS to re-
move traces of blood, and placed in impregnation solution. Brains were coronally sectioned
into 150 µm sections using a vibrating microtome (Campden Instruments, Manchester,
UK) and collected in a mounting buffer. Sections were then mounted on 1% gelatin coated
cover glass slides and stained using the superGolgi Kit (Bioenno Lifesciences, Santa Ana,
CA, USA) following manufacturer’s instructions. Stained slides were mounted using
Ecomount-K (Kaltek).

2.3. Neuron Imaging

Stack images of neurons and spines from whole-mount sections of dorsomedial and
dorsolateral striatum regions were acquired using a Zeiss Apotome microscope with an
ORCA-Flash 4.0 V3 camera. To assess the dendritic morphology of striatal MSNs, low
magnification (10×/0.3, 20×/0.8, and 40×/0.75) images were acquired as Z-stack with
a 0.5 µm interval. Dendritic spines were imaged from tertiary dendrites of MSNs using
high magnification imaging (100×/1.4 oil objective, digital zoom 3, Z-stack with 0.255 µm
interval). Each dendrite was considered as an independent sample, and 30 µm sections
of dendrite were used. Sholl arborization analysis, dendritic length, and spine number
and length were compared using the automated filament re-drawing application in Imaris
8.2.1 (Bitplane). The number of dendrites and mice that contributed to each analysis are
reported in the figure captions.
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2.4. Plasmids

With regard to plasmids, Ptk2 and Ptk2b cDNAs were isolated from mouse embryonic
fibroblast cDNA library using PCR with primers containing FLAG tag and sub-cloned into
pCSC-SP-PW-CMV-IRES/GFP vector. For shRNA-mediated knockdown, the following
sequence was cloned into pLL3.7 lentiviral plasmid: Ptk2b-KD, 5′-TACAGTTCCATGATAA
TCC-3′.

2.5. Cell Culture, Transfection, and Viral Vector preparation

The HEK293T cells were cultured in DMEM/10% FBS. Recombinant lentiviruses were
produced by co-transfecting cells with lentiviral plasmids containing Ptk2, Ptk2b, or shRNA
sequences along with pDML, pRSV-VSVG, and pCMV-VSVG packaging plasmids using
the PEI transfection method. After 24 and 48 h, following transfection, cell supernatent
was collected and concentrated using ultracentrifugation (20,000 rpm, 15 ◦C, 150 min).
The virus pellet was resuspended in Hanks balanced salt solution, aliquoted, and frozen
at −80 ◦C.

2.6. Western Blot Analysis of Cell Culture and Brain Samples

Anti-Pyk2 was obtained from Cell Signaling Technology (3292); anti-FAK (clone 77;
610088) was obtained from BD Biosciences. Additional anti-FLAG (clone M2; F3165) and
an anti-β actin (clone AC-15; A5441) antibody were both obtained from Sigma-Aldrich
(St. Louis, MO, USA). Secondary antibodies (goat anti mouse 680LT and goat anti rabbit
800CW) were obtained from Li-COR Biosciences.

Mice were rapidly decapitated, and brains were rapidly frozen at −80 ◦C for later
dissection. Alternatively, transfected HEK293T or snap-frozen lysates were washed in
ice-cold PBS and lysed in Triton lysis buffer (1% Triton, 10% glycerol, 120 mM NaCl, 25 mM
HEPES, 1 mM EDTA, 0.75 mM MgCl2, 2 mM NaF, 1 mM Sodium orthovanadate, and
protease inhibitors). The total protein concentration was determined using a DC protein
assay (Bio-Rad Laboratories, Hercules, CA, USA), and equal amounts were loaded on
SDS-PAGE, transferred to a nitrocellulose membrane, and blocked in an Odyssey blocking
buffer. Membranes were incubated with primary and secondary antibodies and imaged
using the Odyssey CLx imaging system (LI-COR Biosciences, Lincoln, NE, USA). The
samples were quantified using an Odyssey CLx imaging system (LI-COR Biosciences), and
the values were normalized to the loading control and presented as a fold change from the
control mean.

2.7. Viral Vector Delivery

The following viral vectors were used in this study: (1) lentiviruses expressing sh-Ptk2b
or a scrambled control construct and a YFP tag; (2) lentiviruses expressing Ptk2b or Ptk2
or a scrambled control construct and a GFP tag; (3) AAV5-CaMKIIa-hM4D(Gi)-mCherry
(Gi-coupled DREADDs; see [17] for general review of DREADDs) or AAV5-CaMKIIa-
mCherry; and (4) AAV8-CaMKIIa-HA-rM3D(Gs)-IRES-mCherry (Gs-coupled DREADDs)
or AAV8-CaMKIIa-GFP. In vivo, lentiviruses robustly transfect neurons, although moderate
glial transfection would also be anticipated [18]. Lentiviruses were created in house, as
described above, and AAVs were sourced from the UNC Viral Vector Core and ADDGene.
The same DREADDs-expressing viral vectors were used and further validated in recent
prior reports [19,20].

Mice were anesthetized with ketamine/dexdomitor and placed in a digitized stereo-
taxic frame (Stoelting), heads were shaved, scalps incised, skin retracted, and heads leveled.
Burr holes were drilled. For DMS infusions, viral vectors were delivered over 10 min in
a volume of 1.5 µL at AP + 0.5, DV − 3.0, ML ± 1.7. For mPFC infusions, viral vectors
were delivered over 5 min in a volume of 0.5 µL at AP + 2.0, DV − 2.8, ML ± 0.1. For
OFC infusions and viral vectors were infused over 5 min in a volume of 0.5 µL at AP + 2.6,
DV− 2.8, ML± 1.2. Needles were left in place for≥5 additional minutes after infusion and
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before withdrawal and suturing. After surgery, mice were left undisturbed for Σ1 month,
after which either behavioral testing or euthanasia was performed.

2.8. Behavioral Testing
2.8.1. Food-Reinforced Response Training

Mice were food-restricted to ~90% of their free-feeding body weight. Mice were
trained to nose poke for food reinforcers (20 mg, grain-based Bio-Serv Precision Pellets) in
Med-Associates operant conditioning chambers equipped with 2 nose poke recesses and
a separate food magazine. Responses was reinforced using a fixed ratio 1 (FR1) schedule
such that 30 pellets were available for responding on each of 2 distinct nose poke recesses.
Sessions ended at 70 min or when 60 pellets were acquired. Mice were trained for at least
7 sessions, or until they acquired all 60 pellets within the 70 min. We confirmed that mice
did not have side preferences that could impact later responding. Response acquisition
curves represent both responses/minute for the last 7 training sessions.

In one experiment, mice were then shifted to a random interval (RI) 30 s schedule
of reinforcement for 5 sessions, then an RI60-s schedule for 4 sessions. Both nose poke
responses were reinforced, and sessions were again ended when mice acquired 60 pellets,
or at 70 min. RI schedules induce responding that is habitual, lacking flexibility and
sensitivity to reward availability.

2.8.2. Test for Behavioral Response Flexibility

A test of response flexibility was used, as in our prior reports (e.g., [21]), and similar
to that of [22] as follows: In a 25 min “contingent” session, one nose poke aperture was
occluded, and responses on the other aperture was reinforced using an FR1 schedule of
reinforcement, as during training. In the 25 min “noncontingent” session, the opposite
aperture was occluded, and pellets were delivered into the magazine at a rate matched to
each animal’s reinforcement rate from the previous session. Thus, this response becomes
significantly less predictive of reinforcement than the other measured response. This
2-session procedure was conducted twice, with conditions held constant (meaning, one
response remained reinforced throughout). The “contingent” vs. “noncontingent” sessions,
and which contingency was violated, were counter balanced across the mice.

The following day, both apertures were made available during a 15 min probe test
conducted in extinction. A preferential engagement of the response that is likely to be
reinforced reflects response plasticity. Meanwhile, engaging both familiar responses equiv-
alently led to no change from training conditions. In experiments in which mice were
subjected to repeated testing, the contingent vs. noncontingent aperture conditions were
reversed each time, necessitating an update of the responses, and the probe test was
shortened to 10 min to mitigate response extinction with repeated testing.

2.9. Clozapine N-Oxide (CNO) Administration and Experimental Design

In experiments using DREADDs, Clozapine N-Oxide (CNO; 1 mg/kg in a volume
of 1 mL/100 g, i.p., Sigma-Aldrich) was dissolved in a 2% dimethyl sulfoxide (DMSO,
Sigma-Aldrich) solution in 0.9% sterile saline, prepared on the day of injection. The
timing of injection was determined based on the existing literature regarding when the
mPFC and OFC are thought to contribute to response plasticity. In the case of mPFC
experiments, injections were delivered 30 min prior to the sessions when a response was
no longer reinforced (based on [23]). In experiments focused on the OFC, injections were
delivered immediately following the same sessions, given that the OFC is involved in the
post-training updating of expectations (based on [24–26]).

In the OFC mice, we detected no effects. To further verify this pattern, we conducted
a second probe test the day following the first, administering CNO 30 min prior to the test.
Next, we reinstated responses with 4 sessions using an RI30 schedule of reinforcement,
and delivered CNO 30 min prior to the violation of a familiar contingency; this condition is
referred to as “response reversal”, since the previous reinforced response was no longer
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reinforced. Response preference was tested the following day, drug free. The timing of
these injections is provided in a schematic in the associated figure.

Throughout the experiments, all mice, regardless of viral vector, received CNO, equally
exposing them to any unintended consequences of the drug (see [27]). This dose of CNO
alone was found to have no effects in this study [24]. Relatedly, Barker et al. [28] found that
doubling this dose had no effects in a very similar study.

2.10. Locomotor Activity

Locomotor activity was monitored using customized Med-Associates chambers,
equipped with 16 photobeams. Mice were placed in the chambers for 1 h for habitua-
tion. Then, mice were injected with saline, and locomotor activity was monitored for 1 h.
After this, mice were administered 3 mg/kg D-amphetamine (i.p., volume 1 mL/100 g),
and locomotor activity was monitored for 1 h. A relatively low dose was used to allow
for the resolution to detect elevated locomotor activity, if it existed. Photobeam breaks
resulting from repeated interruption of a single photobeam (potentially reflecting motor
stereotypies) have been reported.

2.11. Histological Verification of Viral Vector Placement

Mice were euthanized by deep anesthesia, then rapid decapitation. Brains were sub-
merged in 4% paraformaldehyde for 48 h, then transferred to 30% w/v sucrose, followed by
sectioning into 50 µm-thick sections on a microtome, maintained at a temperature of−15 ◦C.
Viral vector infusion sites were verified by imaging GFP, YFP, or mCherry as appropriate.

2.12. Statistical Analysis

The Pyk2, PSD-95, and dendritic spine densities and lengths were compared using
an unpaired Student’s t-test. Sholl intersections, response rates, and locomotor counts
were compared by ANOVA with repeated measures when appropriate. Post hoc t-tests
were applied following interactions. Any positive results of post hoc comparisons (i.e.,
p ≤ 0.05) are indicated graphically. Bonferroni corrections were applied to Sholl analyses.
In one instance, planned comparisons between 2 groups were made by t-tests (planned
comparisons are noted as such in text). Values > 2 standard deviations above the mean
were considered to be outliers and were therefore excluded. As such, one mouse in the
mPFC group of the final figure, which generated very high response rates throughout, and
one mouse from the contralateral group in the final experiment of the manuscript, were
excluded. Behavioral experiments were conducted twice, and both cohorts are represented
throughout. Data were analyzed by GraphPad Prism 8.0 or SPSS.

3. Results
3.1. Pyk2 Is Highly Expressed in the Striatum, Where It Controls Dendrite Arborization and Spine
Density on Striatal MSNs

A Western blot analysis was used to evaluate the relative expression levels of Pyk2 in
the striatum vs. other regions of the brain. As demonstrated in Figure 1A, and in agreement
with previous studies [29–31], Pyk2 is highly expressed in the striatum relative to thalamus,
dorsal raphe nucleus, or hypothalamus, and similar in expression levels to the thymus, a
hematopoietic organ in which Pyk2 is highly expressed.
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amus (HYP), and to the thymus, a hematopoietic organ where Pyk2 is highly expressed (THYM). n = 3 mice per group. 
(B) Left, representative immunoblots of Pyk2 and PSD-95 levels in WT and Ptk2b−/− striatum. Right, quantification of PSD-
95 protein levels. n = 3 mice per group. (C) Representative Golgi-Cox images and tracing of WT (left) and Ptk2b−/− (right) 
medium spiny dorsomedial striatal neurons. Scale bar, 25 μm. (D,E) Apical (D) and basal (E) Sholl interaction analysis of 
dorsomedial WT and Ptk2b−/− striatum neurons. n = 28 neurons from 4 mouse brains. (F) Average filament length of WT 

Figure 1. Pyk2 ensures complex dendrite arbors and spines on medium spiny neurons of the DMS. (A) Immunoblot
analysis of Pyk2 in striatum (STR) compared to other brain regions: thalamus (THAL), dorsal raphe nucleus (DRN),
hypothalamus (HYP), and to the thymus, a hematopoietic organ where Pyk2 is highly expressed (THYM). n = 3 mice per
group. (B) Left, representative immunoblots of Pyk2 and PSD-95 levels in WT and Ptk2b−/− striatum. Right, quantification
of PSD-95 protein levels. n = 3 mice per group. (C) Representative Golgi-Cox images and tracing of WT (left) and Ptk2b−/−

(right) medium spiny dorsomedial striatal neurons. Scale bar, 25 µm. (D,E) Apical (D) and basal (E) Sholl interaction
analysis of dorsomedial WT and Ptk2b−/− striatum neurons. n = 28 neurons from 4 mouse brains. (F) Average filament
length of WT and Ptk2b−/− dorsomedial spiny neurons. (G) Representative Golgi-Cox images of dendritic spines from WT
and Ptk2b−/− medium spiny neurons. Scale bar, 10 µm. (H,I) Quantification of dendritic spine length (H) and density (I) on
medium spiny neurons from WT and Ptk2b−/− dorsomedial striatum. n = 18 dendrites from 4 mouse brains, * p < 0.05,
** p ≤ 0.01, *** p ≤ 0.001. NS, non-significant. Error bars represent SEM.
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Next, we measured PSD-95, a post-synaptic marker, in the striatum of Ptk2b−/− mice,
revealing lower levels (t4 = 3.319, p = 0.04) (Figure 1B), as also occurs in the Ptk2b−/−

hippocampus [12]. Next, we imaged Golgi-Cox-labeled MSNs from WT and Ptk2b−/−

DMS (Figure 1C). A Sholl analysis revealed less dendritic branching on apical arbors,
with primary effects occurring proximal to the soma (distance x genotype interaction
F(23,1152) = 3.70, p < 0.0001; the main effect of distance from the soma F(23,1152) = 106.90,
p < 0.0001; main effect of genotype F(1,1152) = 20.31, p < 0.0001) (Figure 1D). The same
pattern was observed for the basal arbors ((distance x genotype interaction F(23,1248) = 3.19,
p < 0.0001; main effect of distance from the soma F(23,1248) = 147.80, p < 0.0001; main effect
of genotype F(1,1248) = 23.37, p < 0.0001) (Figure 1E)), though no changes were observed in
the average filament length (t47 = 0.46, p = 0.65) (Figure 1F). Similarly, we found no changes
in average spine length (t32 = 0.10, p = 0.92) (Figure 1G,H). Spine density was, however,
lower in the Ptk2b−/− DMS (t32 = 3.25, p = 0.003) (Figure 1I).

Similar phenotypes were observed in the dorsolateral striatum (Figure 2A), including
losses in the apical dendrite arborization, proximal to the soma (distance x genotype inter-
action F(23,1152) = 11.55, p < 0.0001; main effect of distance from the soma F(23,1152) = 415.70,
p < 0.0001; main effect of genotype F(1,1152) = 90.66, p < 0.0001) (Figure 2B). Basal arbors were
also found to be impoverished (distance x genotype interaction F(21,1078) = 3.53, p < 0.0001;
main effect of distance from the soma F(21,1078) = 110.40, p < 0.0001; main effect of genotype
F(1,1078) = 30.31, p < 00001) (Figure 2C). The overall filament length did not differ between
groups (t38 = 0.33, p = 0.74) (Figure 2D), nor did dendritic spine length (t32 = 0.27, p = 0.79)
(Figure 2E,F). Nevertheless, dendritic spines were found to have again been lost (t32 = 4.72,
p < 0.0001) (Figure 2G). Thus, it was found that Pyk2 is essential for dendritic complexity
and spine abundance on striatal MSNs.

3.2. Pyk2 Supports Behavioral Flexibility

We then aimed to understand the Pyk2 function in the striatum. Given that Pyk2 is
expressed throughout multiple brain regions, the most definitive strategy was to selectively
reduce Pyk2 in the striatum, leaving it intact in other brain regions. To achieve this objective,
we specifically designed shRNAs to reduce the Ptk2b in transfected cells. To first assess
the efficiency and specificity of sh-Ptk2b, HEK293T cells were transiently co-transfected
with a functional Pyk2-FLAG, together with sh-Ptk2b, and the knockdown efficiency was
determined by immunoblotting (Figure 3A). To further confirm the specificity of sh-Ptk2b,
it was co-transfected with a construct expressing the closely related focal adhesion kinase
(FAK). As demonstrated in Figure 3B, sh-Ptk2b did not reduce the levels of co-transfected
FAK, indicating the high specificity of the Ptk2b knockdown sequence.

The striatum is composed of multiple compartments with different functions. A
primary function of the DMS is to integrate the necessary inputs for organisms to flexibly
select actions based on the likelihood that they will be rewarded. To determine whether
Pyk2 is necessary for this process, we used viral vectors to selectively reduce Pyk2 in
the DMS (Figure 3C,G). Control mice received either a scrambled control viral vector or
sh-Ptk2b in the mPFC (primarily, prelimbic cortex) for comparison to a region with lower
endogenous Pyk2 levels. mPFC histology is summarized in the figure provided.
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Figure 2. Pyk2 ensures complex dendrite arbors and spines on medium spiny neurons of the dorsolateral striatum.
(A) Representative Golgi-Cox images and tracing of WT (left) and Ptk2b−/− (right) medium spiny dorsolateral striatal
neurons. Scale bar, 25 µm. (B,C) Apical (B) and basal (C) Sholl interaction analysis of dorsolateral WT and Ptk2b−/− striatum
neurons. n = 28 neurons from 4 mouse brains. (D) Average filament length analysis of WT and Ptk2b−/− dorsolateral
spiny neurons. (E) Representative Golgi-Cox images of dendritic spines from WT and Ptk2b−/− medium spiny neurons of
the dorsolateral striatum. Scale bar, 5 µm. (F,G) Quantification of dendritic spine length (F) and density (G) on medium
spiny neurons from WT and Ptk2b−/− dorsolateral striatum. n = 18 dendrites from 4 mouse brains, *** p ≤ 0.001. NS,
non-significant. Error bars represent SEM.

Mice were trained to nose poke on two ports for two food reinforcers. Throughout
the experiment, no side biases or pellet preferences were detected, thus responses on
both apertures have been collapsed for simplicity. The silencing of Pyk2 had no effect
on response training (main effect of session F(6,144) = 14.22, p < 0.001; no effect of group
F(2,24) = 1.48, p = 0.25; no interaction F < 1) (Figure 3D). We then violated the predictive
relationship between one response and the reward. In reaction, control mice and mice with
Pyk2 silencing in the mPFC inhibited the response that was unlikely to be reinforced. In
contrast, sh-Ptk2b in the DMS occluded the ability of mice to update response strategies
(group x contingency condition interaction F(2,24) = 5.30, p = 0.012) (Figure 3E), such that
they responded equivalently on both ports. The main effects of contingency condition and
group were also detected (F(1,24) = 10.41, p = 0.004; F(2,24) = 7.17, p = 0.001). Thus, Pyk2 in
the DMS is necessary for the generation of flexible responses—that is, favoring one familiar
behavior over another when adaptive.
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Figure 3. Striatal Pyk2 is necessary for sustained behavioral flexibility. (A) Immunoblot analysis of Ptk2b knockdown in
HEK293T cells. Cells were transfected with a control lentiviral vector, Pyk2-FLAG expressing lentiviral vector, or Pyk2-FLAG
expressing vector, together with Pyk2 shRNA lentiviral vector, to determine Pyk2 knockdown efficiency. (B) Cells were
transfected with a control vector or with a FAK-FLAG expressing vector, together with Pyk2 shRNA, to determine the
knockdown specificity of Pyk2 shRNA. As illustrated, the Pyk2 shRNA sequence is specific to Pyk2 and does not deplete
the closely related FAK. (C) Composite of viral vector infusion sites in the DMS in this report. Each square represents an
individual infusion. (D) Mice acquired nose poke responses on 2 ports; responses on both ports are collapsed for simplicity.
(E) When the association between one response and its outcome was violated via noncontingent pellet delivery, control
mice and mice with Pyk2 silenced in the prefrontal cortex (PL subregion) inhibited the response. Meanwhile, silencing
Pyk2 in the DMS obstructed response plasticity (n = 13 combined control group, n = 7 DMS, n = 7 PL). (F) Mice with
Ptk2b knockdown in the DMS displayed typical locomotor activity, including when treated with amphetamine. (G) Top: A
unilateral viral vector infusion in the DMS is shown in a coronal section from a mouse expressing Thy1-driven YFP, to
visualize anatomical landmarks. Bottom: Immunoblot analysis of Pyk2 and FAK overexpression in HEK293T cells. Cells
were transfected with the viral vector control, Pyk2 overexpressing lentivirus, or FAK overexpressing lentivirus. (H) Mice
were trained to nose poke for food reinforcers, and tests for behavioral flexibility are indicated, as are training sessions using
random interval (RI) schedules of reinforcement. (I) For the first test, all mice inhibited a behavior when it was unlikely
to be reinforced (noncontingent condition). With further training, control mice developed habit-like behavior—indicated
by equivalent responses on both apertures, while mice with Pyk2 and FAK overexpression retained behavioral flexibility.
Thus, Pyk2 and FAK overexpression improved response flexibility. n = 15 control, n = 16 Pyk2, n = 17 FAK, * p < 0.05. KD,
knockdown. NS, non-significant. OX, over-expression. PL, prelimbic. Error bars represent SEM. Line connecting bars
represent individual mice.

Another function commonly ascribed to the dorsal striatum is the execution of motor
stereotypies, repetitive behaviors that occur apparently without purpose. We monitored
striatal Ptk2b-deficient mice in locomotor monitoring chambers. We identified no effects
of knockdown, including when mice were primed with amphetamine, which can elicit
motor activity ((main effect of amphetamine F(1,11) = 44.9, p < 0.001; no effect of group or
interactions Fs < 1) (Figure 3F)). This pattern suggests that dorsomedial striatal Pyk2 does
not impact the basic motor function, consistent with prior investigations using Ptk2b−/−

mice and mice with reduced amounts of Pyk2 in the DMS [32]. Importantly, these patterns
indicate that the instrumental response patterns described above cannot be definitely
attributed to changes in locomotor activity.
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3.3. Enrichment of Striatal Pyk2 or FAK Improves Action Flexibility

We next aimed to test whether Pyk2 overexpression could enhance behavioral flexi-
bility. We used RI schedules of reinforcement that biased the response strategies towards
habitual behaviors, which are by definition insensitive to reward likelihood. Either Pyk2 or
the closely related FAK was overexpressed in the DMS (Figure 3G), and mice subsequently
acquired the nose-poke responses. Response rates increased across time (F(15,675) = 150.54,
p < 0.001) (Figure 3H). The trending main effects of group and group x session inter-
action likely reflect slightly higher response rates in the Pyk2 group during RI training
(F(2,45) = 3.16, p = 0.052; F(30,675) = 2.25, p = 0.12).

We first confirmed that mice were behaviorally sensitive to reward likelihood fol-
lowing a brief period of training, before the RI schedules were used. The point was to
confirm that overexpression did not unexpectedly interfere with response flexibility, and
indeed, all groups inhibited a behavior that was unlikely to be reinforced (main effect
F(1,45) = 86.41, p < 0.001; no interaction F < 1) (Figure 3I, Test 1). Next, mice were shifted
to an RI schedule of reinforcement and trained for several more days (Figure 3H). At this
point, following RI training, control mice did not modify their response strategies when
rewards were withheld—serving as evidence that they had formed habitual routines, as
expected. Meanwhile, the overexpression of Pyk2 or the closely related FAK enhanced
behavioral sensitivity to reward probability, such that these mice inhibited a behavior
that was unlikely to be reinforced (group x contingency condition interaction F(2,45) = 4.59,
p = 0.02; main effect of contingency condition F(1,45) = 15.35, p < 0.001; no main effect of
group F < 1) (Figure 3I, Test 2). Overall, Pyk2 appears to exert bidirectional control over
response flexibility, —the response was found to be impaired with reduced levels of Pyk2,
whereas it was improved for higher levels.

3.4. mPFC Stimulation Reinstates Flexible Behavior following Striatal Pyk2 Loss

mPFC-to-DMS and OFC-to-DMS connections are required for certain aspects of action
flexibility. We aimed to test whether plasticity in the mPFC or OFC was necessary for
Pyk2-dependent action selection. We used two strategies, which were determined based
on the anatomical organization of cortico-striatal connections, arising from the mPFC vs.
OFC. The mPFC sends dense monosynaptic projections to the unilateral and contralateral
DMS—meaning that some projections are contained within one hemisphere, while roughly
a quarter of projections comprise of crossing fibers [8] (Figure 4A,B). Thus, we first infused
control or sh-Ptk2b-expressing viral vectors bilaterally into the DMS. In half of the mice,
we also infused “excitatory” Gs-coupled DREADDs or a control viral vector in the mPFC
(Figure 4A). The two groups of mice that expressed control viral vectors in the DMS
(±Gs-DREADDs in the mPFC) did not differ and were combined.

Mice were trained to nose poke for food in the absence of the DREADDs ligand
CNO. They acquired the reinforced responses without group differences ((main effect of
session F(6,120) = 34.14, p < 0.001; no main effect of group F < 1; no interaction F(2,20) = 1.3,
p = 0.23) (Figure 4C)). The DREADDs ligand CNO was delivered immediately before the
contingency violation. Response strategies were measured the next day when mice were
drug-free. We detected a main effect of the contingency condition and no interaction or
group effects (F(1,20) = 22.46, p < 0.001; F(2,20) = 1.6, p = 0.23; F < 1, respectively), given that
most mice preferred the response that was likely to be reinforced (Figure 4D). Nevertheless,
planned comparisons indicated that Pyk2 silencing in the absence of DREADDs in the
mPFC blocked response plasticity, as shown in Figure 3 (t5 = 1.02, p = 0.36). Meanwhile,
simultaneous stimulation of Gs-DREADDs in the mPFC safeguarded response preference
(t5 = 3.74, p = 0.01) (Figure 4D). Control mice also preferred the highly reinforced response,
as expected (control t10 = 4.61, p < 0.001) (Figure 4D). Thus, Pyk2-dependent flexibility
appears to be sensitive to mPFC inputs, such that mPFC stimulation can compensate for
Pyk2 loss.
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Figure 4. Coordination with the mPFC, but not OFC, in striatal Pyk2-dependent flexible behavior. (A) Pyk2 was silenced in
the DMS as in Figure 3. Simultaneously, DREADDs-expressing viral vectors were placed in the mPFC, primarily prelimbic
cortex (PL). Large and small viral vector spread is represented. (B) This experimental design was motivated by evidence
that the mPFC (within the white lines) sends monosynaptic projections to the ipsilateral and contralateral DMS. Viral vector
placement in the ipsilateral mPFC at the top, with bilateral terminals at the bottom (arrows). (C) Response acquisition in
the absence of CNO did not differ between groups. Mice with control viral vectors in the DMS and either a control viral
vector or a Gs-DREADD-expressing viral vector in the mPFC (and a control viral vector in the DMS) did not differ and
were combined into a single control group. (D) The DREADD ligand CNO was delivered prior to the period when pellets
were delivered noncontingently. Mice were tested in the probe test, drug free, the following day. Control mice inhibited a
behavior that was not reinforced (noncontingent condition), while Ptk2b knockdown obstructed response flexibility, as in
Figure 3. Simultaneous stimulation of the mPFC via Gs-coupled DREADDs restored response flexibility (n = 11 combined
control group, n = 6 DREADD + Ptk2b knockdown, n = 6 control viral vector + Ptk2b knockdown). (E) The OFC and DMS
are connected via unidirectional projections that are largely ipsilateral, lending the next experiment to a disconnection
experimental design in which Pyk2 is silenced in the DMS of one hemisphere and Gi-DREADDs are placed in the OFC of
one hemisphere. The contralateral condition tests whether Pyk2-dependent action selection requires inputs from the OFC.
Representative OFC infusion sites and spread are adjacent. At right: Unilateral infusion of an mCherry-expressing viral
vector in the OFC results in detectable terminals in the ipsilateral DMS (red), corresponding with the site of Ptk2b knockdown
(green), but not the contralateral DMS. (F) Mice were trained to nose poke for food in the absence of CNO. (G) CNO was
delivered at multiple time points, represented by the cartoons below each graph, ultimately revealing no effects on memory
consolidation, (H) memory retrieval, or (I) a response reversal. n = 9 control, n = 8 ipsilateral, n = 10 contralateral, * p < 0.05.
Cg1, cingulate cortex, area 1. DMS, dorsomedial striatum. KD, knockdown. lOFC, lateral orbitofrontal cortex. mPFC,
medial prefrontal cortex. NS, non-significant. PL, prelimbic cortex. vOFC, ventral orbitofrontal cortex. Error bars represent
SEM. Line connecting bars represent individual mice.
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OFC-to-DMS projections are also implicated in goal seeking [9,10], and these projec-
tions are organized in a largely ipsilateral fashion [26], making them particularly amenable
to “disconnection” experimental designs (Figure 4E). In this case, control or sh-Ptk2b-
expressing viral vectors were infused into the DMS of one hemisphere, while control or
inhibitory Gi-coupled DREADDs were placed in the OFC of one hemisphere. When the
infusions were contralateral, the Pyk2-deficient DMS received input from a healthy OFC,
while OFC input to the healthy DMS was disrupted due to Gi-DREADDs (Figure 4E). If
this combination of viral vectors disrupted response strategies, the interpretation would be
that Pyk2-dependent action selection requires inputs from the OFC. Control mice received
the same sh-Ptk2b- and DREADDs-expressing viral vectors, but they were contained within
a single hemisphere, leaving the other intact. A final control group received control viral
vectors in either ipsilateral or contralateral hemispheres.

All groups acquired the nose poke responses (main effect of session (F(6,144) = 53.65,
p < 0.001), but no group differences were detected (no main effect of group (F(2,24) = 3.01,
p = 0.07; no interaction F(2,24) = 3.14, p = 0.06) (Figure 4F). CNO was delivered immediately
following the contingency violation to potentially disrupt stable memory formation. This
specific timing was selected because bilateral OFC silencing at the same time obstructs
response updating in the same task [24–26]. Upon the probe test, however, all groups were
sensitive to reward contingency, with no effects of “disconnection” (group F < 1), and only
a robust main effect of the contingency condition (F(1,24) = 94.5, p < 0.001) (Figure 4G). This
outcome suggests that Pyk2-dependent action is not obviously dependent on OFC input.

For thoroughness, we repeated the procedure, except providing CNO upon the probe
test, when mice must retrieve memories regarding outcome expectancies. Again, we
detected no effect of group (F < 1), and only a main effect of contingency condition
(F(1,24) = 45.3, p < 0.001) (Figure 4H). Finally, we reinstated responding and lastly, we
retested sensitivity to contingency violation, delivering CNO ahead of a violation of
the previously intact contingency (termed “reversal”). Still, all groups were able to in-
hibit a response that was unlikely to be reinforced (main effect of contingency condition
F(1,23) = 56.85, p < 0.001) (Figure 4I). A main effect of the group was also detected, but post
hoc comparisons were found to be non-significant (F(2,23) = 4.14, p = 0.03). Thus, the effects
of Pyk2 in supporting response flexibility do not obviously involve the OFC.

4. Discussion

Goal-directed behavior refers to the selection of actions based on the anticipation that
they will result in desirable outcomes; these behaviors are flexible and modulable, based
on expectations [33]. For instance, we no longer use a faulty vending machine that fails
to deliver our preferred snack, or we might avoid behaviors that are dangerous—such as
driving without a seatbelt. Stressors and addictive drugs cause failures in goal-directed
behavior in rodents and humans alike [34–36]. Cortico–striatal projections are necessary for
goal seeking, leading us to hypothesize that cytoskeletal regulatory elements—meaning,
the molecules that control the presence and stability of dendritic arbors and spines that
receive incoming projections—would control behavioral flexibility (a necessary aspect of
goal seeking) in mice.

Here, we investigated Pyk2, an FAK family nonreceptor tyrosine kinase that is closely
related to FAK. Pyk2 is highly expressed in excitatory post-synaptic densities in neu-
rons [12,37]. Unlike several cytoskeletal regulatory factors that decline in expression
during early postnatal life, Pyk2 levels are found to be robust in mature animals [14],
potentially positioning it to control dendritic spine structure and synaptic plasticity across
the lifespan. In this study, the loss of Pyk2 impoverished striatal MSNs, the primary cell
type in the striatum, causing dendritic arbor and spine loss. Thus, Pyk2 stabilizes neuron
structure in the striatum. As would be expected by the loss of dendritic spines, PSD-95, a
postsynaptic scaffolding protein commonly used as a synaptic marker, was also lost, sug-
gesting that Pyk2 supports synaptic presence in the striatum, as in the hippocampus [12].
Interestingly, in a prior report, PSD-95 was found to be unaffected in striatal extractions
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from Ptk2b−/− mice [32]. In this report, de Pins et al. used 4-month-old mice. As reported
by these authors in previous publications, and also discussed by our group in two recent
publications [13,38], a compensatory effect of the closely related FAK may begin in older
age and take over the regulation of neuronal morphology.

A synapse-protective role for Pyk2 has been documented in multiple investigations.
For instance, dendrites on pyramidal CA1 hippocampal neurons of Ptk2b−/− mice suffer a
loss of dendritic spines and PSD-95 clusters; moreover, Pyk2 restoration in the hippocampi
of Huntington’s disease model mice, which exhibit low Pyk2, partially rescues this same
phenotype [12]. Importantly, though, other studies using Alzheimer’s disease (AD) model
mice suggest a detrimental role for Pyk2 on synapse maintenance. An overexpression
of Pyk2 in the hippocampi of AD model mice leads to synapse loss via the inhibitory
interaction of Pyk2 with Graf1, which leads to increased RhoA activity and consequent
actomyosin contractility and dendritic spine retraction [39]. Furthermore, deletion of Pyk2
in these mice rescues synaptic loss and learning and memory deficits [40]. Overall, the
precise impact of Pyk2 on neuronal structure and stability likely depends on age, brain
region, and disease state.

We next aimed to understand the Pyk2 function in the striatum. Given that Pyk2 is
expressed throughout multiple brain regions, the most effective strategy was to selectively
reduce Pyk2 in the striatum, leaving it intact in other brain regions. As discussed in the
Introduction, the DMS subregion controls behavioral flexibility. Pyk2 loss here eliminated
the ability of mice to modify familiar behaviors based on their likely consequences. More
specifically, mice were unable to favor behaviors that were highly reinforced, relative to
those that were not. The same patterns occurred following the site-selective inhibition
of the dendritic spine stabilizing factors Abl2 kinase and tropomyosin receptor kinase
B [41,42], leading us to posit that the dendritic spine-destabilizing effects of Pyk2 silencing
likely account for poor flexibility in knockdown mice.

Next, to determine whether Pyk2 overexpression in the DMS could enrich flexible
behavior, we utilized schedules of reinforcement that generate strong or weak associations
between actions and their outcomes. A fixed ratio (FR) schedule means that a response
will be regularly reinforced according to a fixed probability. For instance, an FR1 schedule
(as used here) means that every response will be reinforced. In contrast, in interval
schedules, an interval of time during which reinforcement is not available is inserted
between reinforcer deliveries and thus, resources are not found to be freely available. Ratio
schedules form strong associations between responses and their outcomes, while interval
schedules weaken the control of action–outcome associations over behavior [33]. We
trained mice to nose poke according to RI schedules of reinforcement, including mice with
Pyk2 overexpressed in the DMS. The enrichment of Pyk2 caused mice to retain behavioral
sensitivity to the links between actions and outcomes, even while control mice lost such
sensitivity and instead utilized habit-like response strategies.

Pyk2 and FAK comprise the FAK family of non-receptor tyrosine kinases and share
48% amino acid sequence identity and common phosphorylation sites and similar domain
structures. Despite these similarities, their expression patterns differ (reviewed in [13]).
Firstly, FAK is expressed in most cells, while Pyk2 is more restricted to the central nervous
system and hematopoietic cells. Secondly, FAK levels are fount o be high during embryonic
development, after which they taper off. Meanwhile, Pyk2 levels are extremely low early
in development and then increase markedly as animals mature to adulthood [14]. These
expression patterns led us to focus on Pyk2 throughout most of these investigations,
particularly when using gene silencing approaches, in which case, loss of Pyk2 represents a
significant departure from physiological conditions (while loss of FAK would not, since
levels are already low). In our overexpression experiments, however, we included FAK.
Similar to Pyk2, an overexpression of FAK in the DMS of adult mice enhanced the capacity
of mice to track outcome availability, presumably acting via the stabilization of neurite
extensions and synaptic function [43].
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The DMS is the site of convergence of cortical projections necessary for different
components of flexible behavior. The mPFC is generally thought to encode action–outcome
memories necessary for flexible goal seeking (reviewed in [44]). The mPFC sends dense
monosynaptic projections to the unilateral and contralateral DMS, and the crossing fibers
appear to be most critical for goal-oriented choice [8]. We hypothesized that Pyk2 defi-
ciency could impede the ability of mice to execute choice by destabilizing mPFC-to-DMS
connections. In this case, Pyk2 loss might necessitate a stronger mPFC signal for flexible
action to occur. Indeed, the chemogenetic stimulation of excitatory mPFC neurons blocked
response failures in mice suffering striatal Pyk2 deficiency.

We also tested the whether Pyk2-dependent action requires inputs from the ventro-
lateral OFC. This cortical region is generally associated with modifying behaviors when
familiar rules and contingencies change [45], and there is some evidence that it could
also be involved in learning certain reward-related associations ([46]; see for further dis-
cussion [47]). Mice in our task must modify their response strategies, shifting from the
equivalent execution of two behaviors, to preferring one behavior when they learn that the
other is no longer reinforced, so investigating the OFC seemed sensible. Furthermore, OFC-
striatum interactions are necessary for response switching based on outcome value [9,10],
and the suppression of compulsive-like behavior, which can interfere with goal-directed
action [48].

Unlike mPFC-to-DMS projections, OFC-to-DMS projections are overwhelmingly ipsi-
lateral [49], allowing us to use a functional “disconnection” strategy to determine whether
striatal Pyk2 sustains functional sensitivity to OFC inputs. We delivered inhibitory Gi-
DREADDs to one OFC and silenced Pyk2 in the contralateral DMS. In the presence of
the DREADD ligand CNO, healthy OFC projections terminate on Pyk2-deficient DMS
neurons in one hemisphere, while the OFC is inactive in the opposite hemisphere. If
Pyk2-dependent action requires OFC input, these conditions will block the ability of mice
to update response preferences. We administered the DREADD ligand CNO at multiple
time points—when new memories were being formed, when they were being stabilized
(consolidated), and when they were being retrieved to guide choice. No condition was
found to have any effect, suggesting that Pyk2 control over response flexibility does not
definitely require OFC inputs.

Notably, the disconnection strategy used here disrupts the response selection in the
same task when lesions are placed in the contralateral OFC and dorsal striatum [50].
Furthermore, bilateral lesions and chemogenetic silencing of the OFC—particularly the
ventrolateral sub-region targeted in this study—disrupt response strategies in the same
task [24–26]. Finally, this same batch of viral vector was used to disrupt behavioral plasticity
in another investigation in our lab [20], so we believe that the null effects are not simply a
failure of experimental design or tools.

What might account for apparently dissociable roles for the mPFC and OFC in in-
fluencing Pyk2-dependent action? A potential factor is the distribution of D1R- and
D2R-expressing MSNs. These neurons are overwhelmingly segregated and Pyk2 is ex-
pressed on both [32,51], but notably, D1R-expressing MSNs receive huge inputs from the
mPFC (particularly cingulate subregion), relative to even other cortical regions that also
preferentially innervate D1R+ MSNs [52]. Conceivably, Pyk2 stabilizes the dendritic spines
on D1R-expressing MSNs that house synapses receiving mPFC inputs, allowing for the
integration of new information into goal-seeking strategies. Interestingly, cocaine increases
Pyk2 expression and phosphorylation in the ventral striatum, where it potentiates the
locomotor response to cocaine [32,53]. Our experiments, selectively over-expressing Pyk2,
suggest that these changes in the DMS could motivate goal seeking, including, potentially,
for cocaine.

Notably, Pyk2-loss impoverished neurons in both the medial and lateral dorsal striatal
compartments. These striatal subregions have distinct functions, with the DMS controlling
goal-seeking behavior, and the DLS controlling habitual behavior [25,54]. Psychostimulants
cause dendritic spinogenesis in the DLS [55]; whether Pyk2 is involved could be further
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investigated. Supporting the possibility, stress localizes Pyk2 to amygdalar synapses,
contributing to the spinogenic effects of stress in this brain region [56], and cocaine and
other stimulants elicit a stress hormone release [57]. Cocaine-induced dendritic spine
plasticity in other brain regions has been causally linked with habit-like behavior [23,58]
and also drug-seeking behavior [59–61]—calling for further investigations into striatal
Pyk2 function.

Author Contributions: Conceptualization: H.G.-H. and S.L.G.; project administration: S.L.G. and
H.G.-H.; Investigation: S.L.G., K.D.S. and E.P.W.; funding acquisition: S.L.G. and H.G.-H.; Super-
vision: S.L.G. and H.G.-H.; writing—original draft: S.L.G.; writing—review and editing: H.G.-H.,
K.D.S. and E.P.W. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by NIH MH117103 and DA044297 (to S.L.G.) and The We-
isfeld Foundation (to H.G.-H.). The Yerkes National Primate Research Center is supported by
N.I.H. OD011132.

Institutional Review Board Statement: This study was conducted according to the guidelines of
Bar-Ilan University Institutional Animal Care and Use Committee (IACUC) and the Emory University
IACUC, as appropriate.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data supporting the reported results can be requested from the corre-
sponding authors.

Acknowledgments: We thank Aylet Allen for extensive and critical technical assistance. We also
thank April Ratliff for assistance with experiments and Dan C. Li, Gracy Trinoskey-Rice, and Sophie
Yount for assistance with image preparation. We also thank R. Jude Samulski of the UNC Viral
Vector Core.

Conflicts of Interest: The authors declare no conflict of interests.

References
1. Braun, S.; Hauber, W. Striatal dopamine depletion in rats produces variable effects on contingency detection: Task-related

influences. Eur. J. Neurosci. 2012, 35, 486–495. [CrossRef] [PubMed]
2. Pauli, W.M.; Clark, A.D.; Guenther, H.J.; O’Reilly, R.C.; Rudy, J.W. Inhibiting PKMzeta reveals dorsal lateral and dorsal medial

striatum store the different memories needed to support adaptive behavior. Learn. Mem. 2012, 19, 307–314. [CrossRef] [PubMed]
3. Bradfield, L.A.; Bertran-Gonzalez, J.; Chieng, B.; Balleine, B.W. The thalamostriatal pathway and cholinergic control of goal-

directed action: Interlacing new with existing learning in the striatum. Neuron 2013, 79, 153–166. [CrossRef]
4. Hernandez, A.; Tan, C.; Mettlach, G.; Pozo, K.; Plattner, F.; Bibb, J.A. Cdk5 Modulates Long-Term Synaptic Plasticity and Motor

Learning in Dorsolateral Striatum. Sci. Rep. 2016, 6, 29812. [CrossRef]
5. Maroteaux, M.; Valjent, E.; Longueville, S.; Topilko, P.; Girault, J.A.; Herve, D. Role of the plasticity-associated transcription factor

zif268 in the early phase of instrumental learning. PLoS ONE 2014, 9, e81868. [CrossRef]
6. Matamales, M.; McGovern, A.E.; Dai Mi, J.; Mazzone, S.B.; Balleine, B.W.; Bertran-Gonzalez, J. Local D2- to D1-neuron

transmodulation updates goal-directed learning in the striatum. Science 2020, 367, 549–555. [CrossRef]
7. Yin, H.H.; Mulcare, S.P.; Hilario, M.R.; Clouse, E.; Holloway, T.; Davis, M.I.; Hansson, A.C.; Lovinger, D.M.; Costa, R.M. Dynamic

reorganization of striatal circuits during the acquisition and consolidation of a skill. Nat. Neurosci. 2009, 12, 333–341. [CrossRef]
8. Hart, G.; Bradfield, L.A.; Fok, S.Y.; Chieng, B.; Balleine, B.W. The Bilateral Prefronto-striatal Pathway Is Necessary for Learning

New Goal-Directed Actions. Curr. Biol. 2018, 28, 2218–2229.e2217. [CrossRef]
9. Gremel, C.M.; Chancey, J.H.; Atwood, B.K.; Luo, G.; Neve, R.; Ramakrishnan, C.; Deisseroth, K.; Lovinger, D.M.; Costa, R.M.

Endocannabinoid Modulation of Orbitostriatal Circuits Gates Habit Formation. Neuron 2016, 90, 1312–1324. [CrossRef]
10. Gremel, C.M.; Costa, R.M. Orbitofrontal and striatal circuitsdynamically encode the shift between goal-directed and habitual

actions. Nat. Commun. 2013, 4, 2264. [CrossRef] [PubMed]
11. Caceda, R.; Nemeroff, C.B.; Harvey, P.D. Toward an Understanding of Decision Making in Severe Mental Illness. J. Neuropsychiatry

Clin. Neurosci. 2014, 26, 196–213. [CrossRef]
12. Giralt, A.; Brito, V.; Chevy, Q.; Simonnet, C.; Otsu, Y.; Cifuentes-Diaz, C.; de Pins, B.; Coura, R.; Alberch, J.; Gines, S.; et al. Pyk2

modulates hippocampal excitatory synapses and contributes to cognitive deficits in a Huntington’s disease model. Nat. Commun.
2017, 8, 15592. [CrossRef] [PubMed]

13. Srikanth, K.D.; Meirson, T.; Sams, D.S.; Gil-Henn, H. FAK family kinases in brain health and disease. J. Mol. Clin. Med. 2018, 1,
177–190. [CrossRef]

http://doi.org/10.1111/j.1460-9568.2011.07969.x
http://www.ncbi.nlm.nih.gov/pubmed/22277016
http://doi.org/10.1101/lm.025148.111
http://www.ncbi.nlm.nih.gov/pubmed/22723053
http://doi.org/10.1016/j.neuron.2013.04.039
http://doi.org/10.1038/srep29812
http://doi.org/10.1371/journal.pone.0081868
http://doi.org/10.1126/science.aaz5751
http://doi.org/10.1038/nn.2261
http://doi.org/10.1016/j.cub.2018.05.028
http://doi.org/10.1016/j.neuron.2016.04.043
http://doi.org/10.1038/ncomms3264
http://www.ncbi.nlm.nih.gov/pubmed/23921250
http://doi.org/10.1176/appi.neuropsych.12110268
http://doi.org/10.1038/ncomms15592
http://www.ncbi.nlm.nih.gov/pubmed/28555636
http://doi.org/10.31083/j.jmcm.2018.03.007


Cells 2021, 10, 3442 16 of 17

14. Menegon, A.; Burgaya, F.; Baudot, P.; Dunlap, D.D.; Girault, J.-A.; Valtorta, F. FAK+ and PYK2/CAKβ, two related tyrosine
kinases highly expressed in the central nervous system: Similarities and differences in the expression pattern. Eur. J. Neurosci.
1999, 11, 3777–3788. [CrossRef]

15. Okigaki, M.; Davis, C.; Falasca, M.; Harroch, S.; Felsenfeld, D.P.; Sheetz, M.P.; Schlessinger, J. Pyk2 regulates multiple signaling
events crucial for macrophage morphology and migration. Proc. Natl. Acad. Sci. USA 2003, 100, 10740–10745. [CrossRef]

16. Feng, G.; Mellor, R.H.; Bernstein, M.; Keller-Peck, C.; Nguyen, Q.T.; Wallace, M.; Nerbonne, J.M.; Lichtman, J.W.; Sanes, J.R.
Imaging Neuronal Subsets in Transgenic Mice Expressing Multiple Spectral Variants of GFP. Neuron 2000, 28, 41–51. [CrossRef]

17. Urban, D.J.; Roth, B.L. DREADDs (Designer Receptors Exclusively Activated by Designer Drugs): Chemogenetic Tools with
Therapeutic Utility. Annu. Rev. Pharmacol. Toxicol. 2015, 55, 399–417. [CrossRef] [PubMed]

18. Ehrengruber, M.U.; Hennou, S.; Büeler, H.; Naim, H.Y.; Déglon, N.; Lundstrom, K. Gene transfer into neurons from hippocampal
slices: Comparison of recombinant Semliki Forest Virus, adenovirus, adeno-associated virus, lentivirus, and measles virus. Mol.
Cell. Neurosci. 2001, 17, 855–871. [CrossRef]

19. Gourley, S.L.; Zimmermann, K.S.; Allen, A.G.; Taylor, J.R. The Medial Orbitofrontal Cortex Regulates Sensitivity to Outcome
Value. J. Neurosci. 2016, 36, 4600. [CrossRef] [PubMed]

20. Whyte, A.J.; Trinoskey-Rice, G.; Davies, R.A.; Woon, E.P.; Foster, S.L.; Shapiro, L.P.; Li, D.C.; Srikanth, K.D.; Gil-Henn, H.;
Gourley, S.L. Cell adhesion factors in the orbitofrontal cortex control cue-induced reinstatement of cocaine seeking and amygdala-
dependent goal seeking. J. Neurosci. 2021, 41, 5923–5936. [CrossRef]

21. Gourley, S.L.; Swanson, A.M.; Jacobs, A.M.; Howell, J.L.; Mo, M.; DiLeone, R.J.; Koleske, A.J.; Taylor, J.R. Action control is
mediated by prefrontal BDNF and glucocorticoid receptor binding. Proc. Natl. Acad. Sci. USA 2012, 109, 20714–20719. [CrossRef]

22. Barker, J.; Torregrossa, M.; Taylor, J. Bidirectional modulation of infralimbic dopamine D1 and D2 receptor activity regulates
flexible reward seeking. Front. Neurosci. 2013, 7, 126. [CrossRef] [PubMed]

23. Swanson, A.M.; DePoy, L.M.; Gourley, S.L. Inhibiting Rho kinase promotes goal-directed decision making and blocks habitual
responding for cocaine. Nat. Commun. 2017, 8, 1861. [CrossRef]

24. Whyte, A.J.; Kietzman, H.W.; Swanson, A.M.; Butkovich, L.M.; Barbee, B.R.; Bassell, G.J.; Gross, C.; Gourley, S.L. Reward-
Related Expectations Trigger Dendritic Spine Plasticity in the Mouse Ventrolateral Orbitofrontal Cortex. J. Neurosci. 2019, 39,
4595–4605. [CrossRef]

25. Zimmermann, K.S.; Li, C.C.; Rainnie, D.G.; Ressler, K.J.; Gourley, S.L. Memory Retention Involves the Ventrolateral Orbitofrontal
Cortex: Comparison with the Basolateral Amygdala. Neuropsychopharmacology 2018, 43, 373–383. [CrossRef]

26. Zimmermann, K.S.; Yamin, J.A.; Rainnie, D.G.; Ressler, K.J.; Gourley, S.L. Connections of the Mouse Orbitofrontal Cortex and
Regulation of Goal-Directed Action Selection by Brain-Derived Neurotrophic Factor. Biol. Psychiatry 2017, 81, 366–377. [CrossRef]

27. Gomez, J.L.; Bonaventura, J.; Lesniak, W.; Mathews, W.B.; Sysa-Shah, P.; Rodriguez, L.A.; Ellis, R.J.; Richie, C.T.; Harvey, B.K.;
Dannals, R.F.; et al. Chemogenetics revealed: DREADD occupancy and activation via converted clozapine. Science 2017, 357,
503–507. [CrossRef] [PubMed]

28. Barker, J.M.; Bryant, K.G.; Chandler, L.J. Inactivation of ventral hippocampus projections promotes sensitivity to changes in
contingency. Learn. Mem. 2019, 26, 1–8. [CrossRef]

29. De Pins, B.; Montalban, E.; Vanhoutte, P.; Giralt, A.; Girault, J.A. Pyk2 in D1 receptor-expressing neurons of the nucleus accumbens
modulates the acute locomotor effects of cocaine. BioRxiv 2019. [CrossRef]

30. Brunzell, D.H.; Russell, D.S.; Picciotto, M.R. In vivo nicotine treatment regulates mesocorticolimbic CREB and ERK signaling in
C57Bl/6J mice. J. Neurochem. 2003, 84, 1431–1441. [CrossRef]

31. Sheehan, T.P.; Neve, R.L.; Duman, R.S.; Russell, D.S. Antidepressant effect of the calcium-activated tyrosine kinase Pyk2 in the
lateral septum. Biol. Psychiatry 2003, 54, 540–551. [CrossRef]

32. De Pins, B.; Montalban, E.; Vanhoutte, P.; Giralt, A.; Girault, J.-A. The non-receptor tyrosine kinase Pyk2 modulates acute locomotor
effects of cocaine in D1 receptor-expressing neurons of the nucleus accumbens. Sci. Rep. 2020, 10, 6619. [CrossRef] [PubMed]

33. De Wit, S.; Dickinson, A. Associative theories of goal-directed behaviour: A case for animal-human translational models. Psychol.
Res. 2009, 73, 463–476. [CrossRef] [PubMed]

34. Schwabe, L.; Wolf, O.T. Stress and multiple memory systems: From ‘thinking’ to ‘doing’. Trends Cogn. Sci. 2013, 17,
60–68. [CrossRef]

35. Gourley, S.L.; Taylor, J.R. Going and stopping: Dichotomies in behavioral control by the prefrontal cortex. Nat. Neurosci. 2016, 19,
656–664. [CrossRef]

36. Everitt, B.J.; Robbins, T.W. Drug Addiction: Updating Actions to Habits to Compulsions Ten Years On. Annu. Rev. Psychol. 2016,
67, 23–50. [CrossRef]

37. Huang, Y.; Lu, W.; Ali, D.W.; Pelkey, K.A.; Pitcher, G.M.; Lu, Y.M.; Aoto, H.; Roder, J.C.; Sasaki, T.; Salter, M.W.; et al.
CAKbeta/Pyk2 kinase is a signaling link for induction of long-term potentiation in CA1 hippocampus. Neuron 2001, 29,
485–496. [CrossRef]

38. Polis, B.; Gil-Henn, H. Commentary on Giralt et al.: PTK2B/Pyk2 overexpression improves a mouse model of Alzheimer’s
disease. Exp. Neurol. 2019, 311, 313–317. [CrossRef] [PubMed]

39. Lee, S.; Salazar, S.V.; Cox, T.O.; Strittmatter, S.M. Pyk2 Signaling through Graf1 and RhoA GTPase Is Required for Amyloid-β
Oligomer-Triggered Synapse Loss. J. Neurosci. 2019, 39, 1910–1929. [CrossRef] [PubMed]

http://doi.org/10.1046/j.1460-9568.1999.00798.x
http://doi.org/10.1073/pnas.1834348100
http://doi.org/10.1016/S0896-6273(00)00084-2
http://doi.org/10.1146/annurev-pharmtox-010814-124803
http://www.ncbi.nlm.nih.gov/pubmed/25292433
http://doi.org/10.1006/mcne.2001.0982
http://doi.org/10.1523/JNEUROSCI.4253-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/27098701
http://doi.org/10.1523/JNEUROSCI.0781-20.2021
http://doi.org/10.1073/pnas.1208342109
http://doi.org/10.3389/fnins.2013.00126
http://www.ncbi.nlm.nih.gov/pubmed/23882177
http://doi.org/10.1038/s41467-017-01915-4
http://doi.org/10.1523/JNEUROSCI.2031-18.2019
http://doi.org/10.1038/npp.2017.139
http://doi.org/10.1016/j.biopsych.2015.10.026
http://doi.org/10.1126/science.aan2475
http://www.ncbi.nlm.nih.gov/pubmed/28774929
http://doi.org/10.1101/lm.048025.118
http://doi.org/10.1101/729848
http://doi.org/10.1046/j.1471-4159.2003.01640.x
http://doi.org/10.1016/S0006-3223(02)01815-2
http://doi.org/10.1038/s41598-020-63426-5
http://www.ncbi.nlm.nih.gov/pubmed/32313025
http://doi.org/10.1007/s00426-009-0230-6
http://www.ncbi.nlm.nih.gov/pubmed/19350272
http://doi.org/10.1016/j.tics.2012.12.001
http://doi.org/10.1038/nn.4275
http://doi.org/10.1146/annurev-psych-122414-033457
http://doi.org/10.1016/S0896-6273(01)00220-3
http://doi.org/10.1016/j.expneurol.2018.08.011
http://www.ncbi.nlm.nih.gov/pubmed/30171866
http://doi.org/10.1523/JNEUROSCI.2983-18.2018
http://www.ncbi.nlm.nih.gov/pubmed/30626696


Cells 2021, 10, 3442 17 of 17

40. Salazar, S.V.; Cox, T.O.; Lee, S.; Brody, A.H.; Chyung, A.S.; Haas, L.T.; Strittmatter, S.M. Alzheimer’s Disease Risk Factor Pyk2
Mediates Amyloid-β-Induced Synaptic Dysfunction and Loss. J. Neurosci. 2019, 39, 758–772. [CrossRef]

41. Pitts, E.G.; Li, D.C.; Gourley, S.L. Bidirectional coordination of actions and habits by TrkB in mice. Sci. Rep. 2018, 8,
4495. [CrossRef]

42. Gourley, S.L.; Olevska, A.; Gordon, J.; Taylor, J.R. Cytoskeletal Determinants of Stimulus-Response Habits. J. Neurosci. 2013, 33,
11811–11816. [CrossRef] [PubMed]

43. Monje, F.J.; Kim, E.J.; Pollak, D.D.; Cabatic, M.; Li, L.; Baston, A.; Lubec, G. Focal Adhesion Kinase Regulates Neuronal Growth,
Synaptic Plasticity and Hippocampus-Dependent Spatial Learning and Memory. Neurosignals 2012, 20, 1–14. [CrossRef]

44. Woon, E.P.; Sequeira, M.K.; Barbee, B.R.; Gourley, S.L. Involvement of the rodent prelimbic and medial orbitofrontal cortices in
goal-directed action: A brief review. J. Neurosci. Res. 2020, 98, 1020–1030. [CrossRef] [PubMed]

45. Stalnaker, T.A.; Cooch, N.K.; Schoenbaum, G. What the orbitofrontal cortex does not do. Nat. Neurosci. 2015, 18,
620–627. [CrossRef]

46. Jackson, S.A.; Horst, N.K.; Pears, A.; Robbins, T.W.; Roberts, A.C. Role of the Perigenual Anterior Cingulate and Orbitofrontal
Cortex in Contingency Learning in the Marmoset. Cereb. Cortex 2016, 26, 3273–3284. [CrossRef] [PubMed]

47. Duan, L.Y.; Horst, N.K.; Cranmore, S.A.W.; Horiguchi, N.; Cardinal, R.N.; Roberts, A.C.; Robbins, T.W. Controlling one’s
world: Identification of sub-regions of primate PFC underlying goal-directed behavior. Neuron 2021, 109, 2485–2498.e2485.
[CrossRef] [PubMed]

48. Burguière, E.; Monteiro, P.; Feng, G.; Graybiel, A.M. Optogenetic stimulation of lateral orbitofronto-striatal pathway suppresses
compulsive behaviors. Science 2013, 340, 1243–1246. [CrossRef]

49. Murphy, M.J.M.; Deutch, A.Y. Organization of afferents to the orbitofrontal cortex in the rat. J. Comp. Neurol. 2018, 526, 1498–1526.
[CrossRef] [PubMed]

50. Gourley, S.L.; Olevska, A.; Zimmermann, K.S.; Ressler, K.J.; Dileone, R.J.; Taylor, J.R. The orbitofrontal cortex regulates outcome-
based decision-making via the lateral striatum. Eur. J. Neurosci. 2013, 38, 2382–2388. [CrossRef]

51. Puighermanal, E.; Castell, L.; Esteve-Codina, A.; Melser, S.; Kaganovsky, K.; Zussy, C.; Boubaker-Vitre, J.; Gut, M.; Rialle, S.;
Kellendonk, C.; et al. Functional and molecular heterogeneity of D2R neurons along dorsal ventral axis in the striatum. Nat.
Commun. 2020, 11, 1957. [CrossRef] [PubMed]

52. Lu, J.; Cheng, Y.; Xie, X.; Woodson, K.; Bonifacio, J.; Disney, E.; Barbee, B.; Wang, X.; Zaidi, M.; Wang, J. Whole-Brain Mapping
of Direct Inputs to Dopamine D1 and D2 Receptor-Expressing Medium Spiny Neurons in the Posterior Dorsomedial Striatum.
eNeuro 2021, 8. [CrossRef]

53. Freeman, W.M.; Nader, M.A.; Nader, S.H.; Robertson, D.J.; Gioia, L.; Mitchell, S.M.; Daunais, J.B.; Porrino, L.J.; Friedman, D.P.;
Vrana, K.E. Chronic cocaine-mediated changes in non-human primate nucleus accumbens gene expression. J. Neurochem. 2001,
77, 542–549. [CrossRef] [PubMed]

54. Amaya, K.A.; Smith, K.S. Neurobiology of habit formation. Curr. Opin. Behav. Sci. 2018, 20, 145–152. [CrossRef]
55. Jedynak, J.P.; Uslaner, J.M.; Esteban, J.A.; Robinson, T.E. Methamphetamine-induced structural plasticity in the dorsal striatum.

Eur. J. Neurosci. 2007, 25, 847–853. [CrossRef]
56. Montalban, E.; Al-Massadi, O.; Sancho-Balsells, A.; Brito, V.; de Pins, B.; Alberch, J.; Ginés, S.; Girault, J.-A.; Giralt, A. Pyk2 in the

amygdala modulates chronic stress sequelae via PSD-95-related micro-structural changes. Transl. Psychiatry 2019, 9, 3. [CrossRef]
57. Wemm, S.E.; Sinha, R. Drug-induced stress responses and addiction risk and relapse. Neurobiol. Stress 2019, 10, 100148. [CrossRef]
58. DePoy, L.M.; Zimmermann, K.S.; Marvar, P.J.; Gourley, S.L. Induction and Blockade of Adolescent Cocaine-Induced Habits. Biol.

Psychiatry 2017, 81, 595–605. [CrossRef]
59. Spencer, S.; Garcia-Keller, C.; Roberts-Wolfe, D.; Heinsbroek, J.A.; Mulvaney, M.; Sorrell, A.; Kalivas, P.W. Cocaine Use Reverses

Striatal Plasticity Produced During Cocaine Seeking. Biol. Psychiatry 2017, 81, 616–624. [CrossRef]
60. Garcia-Keller, C.; Smiley, C.; Monforton, C.; Melton, S.; Kalivas, P.W.; Gass, J. N-Acetylcysteine treatment during acute stress

prevents stress-induced augmentation of addictive drug use and relapse. Addict. Biol. 2020, 25, e12798. [CrossRef]
61. Garcia-Keller, C.; Neuhofer, D.; Bobadilla, A.-C.; Spencer, S.; Chioma, V.C.; Monforton, C.; Kalivas, P.W. Extracellular Matrix

Signaling Through β3 Integrin Mediates Cocaine Cue–Induced Transient Synaptic Plasticity and Relapse. Biol. Psychiatry 2019,
86, 377–387. [CrossRef] [PubMed]

http://doi.org/10.1523/JNEUROSCI.1873-18.2018
http://doi.org/10.1038/s41598-018-22560-x
http://doi.org/10.1523/JNEUROSCI.1034-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/23864670
http://doi.org/10.1159/000330193
http://doi.org/10.1002/jnr.24567
http://www.ncbi.nlm.nih.gov/pubmed/31820488
http://doi.org/10.1038/nn.3982
http://doi.org/10.1093/cercor/bhw067
http://www.ncbi.nlm.nih.gov/pubmed/27130662
http://doi.org/10.1016/j.neuron.2021.06.003
http://www.ncbi.nlm.nih.gov/pubmed/34171290
http://doi.org/10.1126/science.1232380
http://doi.org/10.1002/cne.24424
http://www.ncbi.nlm.nih.gov/pubmed/29524205
http://doi.org/10.1111/ejn.12239
http://doi.org/10.1038/s41467-020-15716-9
http://www.ncbi.nlm.nih.gov/pubmed/32327644
http://doi.org/10.1523/ENEURO.0348-20.2020
http://doi.org/10.1046/j.1471-4159.2001.00252.x
http://www.ncbi.nlm.nih.gov/pubmed/11299316
http://doi.org/10.1016/j.cobeha.2018.01.003
http://doi.org/10.1111/j.1460-9568.2007.05316.x
http://doi.org/10.1038/s41398-018-0352-y
http://doi.org/10.1016/j.ynstr.2019.100148
http://doi.org/10.1016/j.biopsych.2016.09.023
http://doi.org/10.1016/j.biopsych.2016.08.033
http://doi.org/10.1111/adb.12798
http://doi.org/10.1016/j.biopsych.2019.03.982
http://www.ncbi.nlm.nih.gov/pubmed/31126696

	Introduction 
	Methods 
	Subjects 
	Golgi-Cox Staining 
	Neuron Imaging 
	Plasmids 
	Cell Culture, Transfection, and Viral Vector preparation 
	Western Blot Analysis of Cell Culture and Brain Samples 
	Viral Vector Delivery 
	Behavioral Testing 
	Food-Reinforced Response Training 
	Test for Behavioral Response Flexibility 

	Clozapine N-Oxide (CNO) Administration and Experimental Design 
	Locomotor Activity 
	Histological Verification of Viral Vector Placement 
	Statistical Analysis 

	Results 
	Pyk2 Is Highly Expressed in the Striatum, Where It Controls Dendrite Arborization and Spine Density on Striatal MSNs 
	Pyk2 Supports Behavioral Flexibility 
	Enrichment of Striatal Pyk2 or FAK Improves Action Flexibility 
	mPFC Stimulation Reinstates Flexible Behavior following Striatal Pyk2 Loss 

	Discussion 
	References

